The aim of the current research was to investigate the influence of organic and conventional farming on certain bacteria (nitrifiers, denitrifiers and azotobacteria) involved in the soil nitrogen cycle. During 2007-2013, field experiments were performed in Central-Estonia (58º33′ N, 25º34′ E) on a sandy loam Albeluvisol (AB) in a five-field crop rotation (winter rye → potato → oats → barley with undersowing → red clover). The following treatments were carried out: organic without manure, organic with cattle manure, and conventional where manure, mineral fertilizers and pesticides were used. In the treatments, solid cattle manure (60 t ha -1 ) was applied for potato. In 2007-2013, soil samples for microbiological tests were taken from the two fields of the crop rotation from 0-20 cm layer. All soil samples were examined for the total number of bacteria, azotobacteria, denitrifying and nitrifying bacteria using the plate-count method. In the organic farming, the application of cattle manure significantly (P < 0.05) increased the total bacteria communities. Also the nitrifying bacteria responded greatly to the soil nutritional status. Their abundance in the organic without manure treatment was significantly (P < 0.05) lower than that in the other treatments. There were no significant (P < 0.05) differences in the counts of denitrifying bacteria between the treatments. The repeated application of fungicides and insecticides for potato protection decreased the number of azotobacteria as direct effect by 2.7 times and had a harmful aftereffect on these sensitive bacteria also in succeeding years.
Introduction
Microorganisms play important roles in the nitrogen cycles of various ecosystems. Research has revealed a great diversity of microorganisms involved in the nitrogen cycle (Hayatsu et al., 2008) . The major part of soil nitrogen occurs in organic form and must be mineralized to inorganic nitrogen before it can be taken up by plants.
Nitrogen cycling in agricultural production relies on biological nitrogen fixation primarily by diazotrophic bacteria. Most of biological nitrogen fixation is carried out by diazotrophs in symbiosis with legumes. However, under specific conditions bacteria which are free-living in soil (e.g., Azotobacter and other) may fix significant amounts of nitrogen (Orr et al., 2011) . This may be particularly important in organically managed soils, which typically have a lower proportion of nitrogen in available forms.
Bacterial communities are key drivers of soil fertility and agriculture productivity (Tan et al., 2012) . The determination of biomass of bacteria and fungi in different soil layers provides information on the soil fertility and soil health (Chhotaray, Achakzai, 2012) . It is stated that usually more than 10 9 microorganisms are present per gram of soil and that the biomass of bacteria and fungi can reach up to 3000 kg per hectare (Haleem et al., 2013) . Bacteria make up the major part of the soil microbial community and play significant ecological roles in all soil processes including nutrient cycling (Nannipieri et al., 2003) . Soil microflora influences the availability of nutrients for crop production via a range of activities such as the decomposition of crop residues, immobilization of nutrients and mineralization (Bünemann et al., 2006) . Enzymes produced by soil microorganisms catalyze biochemical processes involved in nutrient cycling in soil (Scherer et al., 2011; Janušauskaitė et al., 2013) .
Complete cycling of mineral nitrogen (N) in soil requires the interplay of microorganisms performing nitrification and denitrification, whose activity is increasingly affected by sufficient moisture and increasing temperature in soil. Nitrification and denitrification represent key processes determining the availability and form of nitrogen in soils and are held responsible for gaseous nitrogen losses as NO or N 2 O, both of which act as potent greenhouse gases (Szukics et al., 2010) .
In recent years, multiple studies comparing conventional and organic agriculture have reported differences in soil chemical properties, higher microbial activity and diversity in organically managed soils (Shannon et al., 2002; Monokrousos et al., 2006; Fliessbach et al., 2007) . In organic systems, plant production depends primarily on nutrient cycling in soils that are controlled by microbes and their activities (Monokrousos et al., 2006) . Several investigations on the basis of long term experiments show positive influence of organic farming on soil quality and microbial activity in comparison with conventional farming, due to regular crop rotation, and absence of synthetic nutrients and pesticides (Shannon et al., 2002; Fliessbach et al., 2007; Grantina et al., 2011) . As reported by several researchers (Parham et al., 2002; Scherer et al., 2011) , the higher diversity of microbial communities and their activities were observed in soils treated with organic amendments, especially with farmyard manure, compared to soils treated with mineral fertilizers. Soil organic matter is the main factor governing levels of microbial biomass in soil, followed by soil pH (Martyniuk, Martyniuk, 2003; Bünemann et al., 2006) . Graham and Haynes (2005) revealed the interaction of soil acidification with negative effects and organic matter accumulation with positive effects on soil organisms and enzyme activities. Microbial populations and their activities are strongly influenced by soil moisture and temperature conditions (Pettersson, Bååth, 2003; Chhotaray, Achakzai, 2012) . In conventional farming systems, synthetic pesticides can have a marked effect on the soil microbial community. Among the pesticides, herbicides appeared to have the least significant effects on soil organisms, whereas some insecticides and especially some fungicides proved to be quite toxic (Bünemann et al., 2006) . Usually the adverse effects of pesticides are manifested only at concentrations exceeding recommended rates. However, the reaction of Azotobacter, an asymbiotic nitrogen fixer, towards the applied herbicides was highly variable (Lone et al., 2014) . Likewise, Miloševic and Govedarica (2002) have shown that Azotobacter is most sensitive to pesticide application; it is, therefore, a reliable indicator of the biological value of soil.
The aim of the current work was to investigate the numbers of total bacteria, nitrifying and denitrifying bacteria and azotobacteria in the soil of a five-field crop rotation in the conditions of different organic farming systems, and to compare these data with numbers of above-mentioned bacteria in the soil of conventionally managed crop rotation. Two hypotheses were tested: 1) the application of solid cattle manure increases the numbers of bacterial groups belonging to the soil nitrogen cycle, and 2) the application of pesticides may significantly decrease the abundance of some bacterial communities.
Materials and methods
Site and soil description. The experiments were performed in Central-Estonia at Olustvere (58º33′ N, 25º34′ E) during 2007-2013. The soil type was sandy loam Albeluvisol (AB) according to the IUSS Working Group WRB (2007) classification. The main soil agrochemical parameters, which are of prime importance for the bacteria living in the soil, are presented in Table 1 . The content of available phosphorus in the soil of experimental area at the beginning of research was high (187-210 mg kg -1 , Mehlich-3 method). The content of available potassium varied from moderate to high levels (144-180 mg kg -1 , Mehlich-3 method). In the trial area, the field crops have been cultivated according to the principles of organic farming since 2002. Experimental set-up. In 2007, the five-field crop rotation was established as follows: winter rye (Secale cereale L.), potato (Solanum tuberosum L.), oats (Avena sativa L.), barley (Hordeum vulgare L.) with undersown red clover (Trifolium pratense L.) and red clover. The size of each field was 1.2 ha, which was divided into three equal parts (0.4 ha) between the cultivation methods. Since 2007, the following treatments were carried out: organic without manure (ORG), organic with solid cattle manure (ORGFYM) and conventional -cattle manure, mineral fertilizers and pesticides were used (CONFYM). The tillage method in all three treatments was the mouldboard ploughing to a depth of 20 cm in autumn. In all treatments clover was cut and ploughed into the soil in the beginning of July. Straw and crop residues were not removed from the field. Weeds were controlled in the oats and barley fields after sowing and in the rye field at the end of April by spring-tine harrowing. In the potato field the inter-rows were harrowed and cultivated two and three times, respectively. In the ORGFYM and CONFYM treatments, in the rye field after the rye harvesting and prior to the autumn ploughing solid cattle manure at a rate of 60 t ha -1 was applied for potato grown in the next year. Manure contained N 4.7, P 1.1 and K 2.7 kg t -1 , as the average of research period. In the CONFYM treatment, mineral fertilizers were applied at the following rates: for potato -N 60, P 60, K 120 kg ha -1 , oats -N 72, P 18, K 36 kg ha -1 , barley with undersown clover -N 48, P 12, K 24 kg ha -1 , winter rye -N 15, P 30, K 75 kg ha -1 in autumn and N 34 kg ha -1 twice in spring. In the CONFYM treatment, pesticides were applied at the dates and doses given in Table 2 .
Weather conditions. The weather conditions during research period are shown in Table 3 Soil sampling. The soil samples for microorganism determination were taken from the fields No. 2 and No. 4 because one of the crucial problems of our project was to compare the effects of the organic management with and without farmyard manure. On these crop rotation fields cattle manure was applied in the first years (2007 and 2008) of the research period. Soils were sampled in 2007 -2010 in September, and in 2009 in May. In 2012 and in September 2011, the microbiological tests were not carried out. The soil samples from each treatment were taken according to the guide of Agricultural Research Centre located in Saku, Estonia. The soil samples were taken from 45 randomly selected points of each treatment from the 0-20 cm soil layer using an auger with a 1 cm diameter. The composite sample was carefully mixed and divided into three replicates. To avoid contamination of soil samples, the preventive measures accordingly to the guide were taken. Soil samples had been kept at 4ºC until they were analyzed in the laboratory.
Microbiological analyses.
All soil samples were examined in the Microbiological Laboratory of Agricultural Research Centre for the total number of bacteria, moulds, yeasts, mesophilic spore-forming bacteria, Fusarium spp., actinomycetes, cellulose decomposing bacteria, azotobacteria, denitrifying and nitrifying bacteria using the plate-count method. The current paper discusses only the results of total bacteria, denitrifying and nitrifying bacteria and azotobacteria. Decimal dilution series were prepared in accordance with EVS-EN ISO 6887-1:2001. Microbiological counts were expressed as a number of colony forming units (CFU) g -1 of dry soil. Plate count agar was used for isolation of total number of bacteria at 30°C for 72 h (NMKL No. 86, 2006 , ICC No. 125, 1978 and EVS-EN ISO 4833-1:2013 . To identify the azotobacteria the Ashby culture media was used. The nitrifying bacteria were defined on water agar. For denitrifying bacteria the Hiltay culture media was used.
Data analyses. All results were based on three or two (plate count microorganisms) soil replicates. The data were analyzed by ANOVA. The Tukey-Kramer honestly significant difference (HSD) test was used, using the software JMP 5.0.1.2 (2002; SAS Institute, Cary, USA).
Results and discussion
Total bacteria. Bacterial communities are the prevalent groups among the microorganisms living in soil. In our seven-year experiments, the highest number of total bacteria was revealed in September 2010 in the both organic treatments (ORG and ORGFYM) when it reached 12.43 × 10 6 CFU g -1 dry soil ( Table 4 ). In that case red clover undersown in barley produced an opulent vegetation mass in September. The abundant herbage mass and the vigorous root system of clover likely favoured the reproduction of bacterial communities. Likewise, other researchers have reported a good impact of red clover on soil microorganisms. By Chhotaray and Achakzai (2012) , soil microbial biomass levels were generally higher in treatments with red clover and the number of microbes increased significantly (P < 0.01) from May to the second sampling date in September. Also Miller et al. (2012) indicated that the cropping of red clover caused increased abundance in the soil total bacteria. On the other hand, it is well known that the abundance and activity of microbial communities is strongly dependent on the soil environmental conditions. As affirmed by several researchers (Pettersson, Bååth, 2003; Lipson, 2007; Lauber et al., 2013) , among these the soil moisture and temperature have a cardinal importance. By Pettersson and Bååth (2003) , strong seasonal effects and interactions between the sampling date and crop management factors were detected, whereby temperature was one of the most important environmental factors affecting the soil bacterial community. The study of Lipson (2007) who examined the temporal variability in soil microbial communities indicated that the composition of bacterial communities can vary between the seasons. In some cases the changes in these communities can be linked to changes in soil environment conditions. Lauber et al. (2013) have investigated changes in microbial communities of soils collected on a monthly basis from May to November. They indicated that communities in the agricultural soils were most variable over time and the changes were significantly correlated with soil moisture and temperature.
Likewise, the results of our research showed that the number of total bacteria in the soil depended on the weather conditions. As mentioned above, the highest numbers of total bacteria were registered in September 2010. There was a very rainy and warm period before the soil sampling for microbe determination because the total precipitation in August and September reached 220 mm, and the monthly air temperatures in July and August were considerably higher than in the other years of our research (Table 3 ). In 2008, there was a very rainy growing period, too. During six months total precipitation of 480 mm was accumulated but while the weather in 2008 was colder than usual the total bacteria communities in the soils of the fields No. 2 and No. 4 remained on the moderate levels ( Table 5) . Comparison of the results of the microbiological tests in spring and autumn in the same year revealed that the abundance of total bacteria in spring was in most cases lower than in autumn. This may be explained by lower soil temperatures and sometimes (in 2009) by deficient soil moisture in early spring.
Comparison of the occurrence of the bacterial communities in the conditions of two organic treatments (ORGFYM and ORG) showed that the number of total bacteria in the soil of ORGFYM treatment was significantly (P < 0.05) higher than in the soil of ORG treatment in nine cases out of fifteen (Tables 4-5). In the crop rotation field No. 2, the great aftereffects of manure were observed in May of 2009 and 2010 when the numbers of total bacteria in the soil of the ORGFYM treatment were by 45.4% and 67.9% higher than those in the soil of ORG treatment. Approximately the same aftereffect of manure was revealed in the field No. 4 where the levels of total bacteria at the above mentioned sampling dates in the soil of ORGFYM treatment were by 64.1% and 46.2% higher than in the soil of ORG treatment. In the organic treatments, the highest direct effect of cattle manure applied for potato was proved in the weather conditions of 2007, while the number of total bacteria in the soil of ORGFYM treatment was 9.24 × 10 6 CFU g -1 dry soil, i.e. by 54.8% higher than in the soil of ORG treatment. In the conditions of 2008, the application of manure for organic potato increased the community of total bacteria up to 10.80 × 10 6 CFU g -1 dry soil, i.e. by 26.6% more than without manure. According to the experiment planning, cattle manure at the rate 60 t ha -1 was applied once during the five-field crop rotation. But during the experiment period manure for potato was applied in two years (on the field No. 2 -in 2008 and 2013, and on the field No. 4 -in 2007 and . In the conditions of our experiment, the use of manure in organic crop rotation increased the number of total bacteria by 22.8% to 38.1%, as an average of microbiological tests during experiment period. Our results are in accordance with those of other authors (Parham et al., 2002; Fliessbach et al., 2007; Scherer et al., 2011) who have shown that manure positively affected the abundance and activity of soil microbial communities.
In our experiments during 2007-2013, the influence of ORGFYM and CONFYM treatments on the soil bacterial communities was compared. The results showed that in the numbers of total bacteria between ORGFYM and CONFYM treatments there were no significant (P < 0.05) differences, as an average for 2007 . However, in four cases in the soil of CONFYM treatment the levels of total bacteria were significantly (P < 0.05) lower than in the soil of ORGFYM treatment. In September 2007 on the field No. 4 where potato was grown, in the soil of CONFYM treatment the count of total bacteria was only 5.02 × 10 6 CFU g -1 dry soil, i.e. by 45.7% less than in the ORGFYM treatment. We supposed that the repeated application of pesticides, especially when spraying four times with fungicides for the control of late blight, and when spraying three times with insecticides for the control of aphides and Colorado beetle, affected negatively the soil bacterial communities. In 2008, when potato was grown in the field No. 2 the number of total bacteria in the soil of CONFYM treatment was by 20.8% smaller than in the ORGFYM treatment. The reason for that decrease in bacterial communities was also the repeated application of pesticides because during the growing season the potato plants were sprayed four times with fungicides and once with insecticide Danadim for aphides control. The active ingredient of the insecticide Danadim is dimethoate. As reported by Haleem et al. (2013) , the insecticide dimethoate significantly (P < 0.05) decreased the count of total bacteria by 24-60%, depending on the doses used and sampling periods after insecticide application. The significant decrease in the total bacteria was observed also in the soil of the oats field (May 2009 on the field No. 2 and September 2013 on the field No. 4) while their count in the CONFYM treatment was by 23.0% and 42.5% less than that in the ORGFYM treatment. In these cases the aftereffect of an abundant application of pesticides to preceding potato became evident.
Herbicides, in general, slightly affect soil microbial communities (Banks et al., 2014; Lone et al., 2014) . However, some herbicides can have a harmful influence on the soil bacteria. For example, Radivojevic et al. (2003) have established a significant (P < 0.05) negative effect of metribuzin on soil bacterial and fungal populations. In our experiment, metribuzin as an active ingredient of herbicide Mistral was used for weed control in potato (in 2012 and 2013) and this might increase the negative total effect of pesticides in the soil of CONFYM treatment. All the analysed factors, i.e. treatment, and year had significant impacts on the number of total bacteria (Table 6) .
Denitrifying bacteria. Denitrifying bacteria are more numerous than any other functional groups involved in the nitrogen cycle (Clark et al., 2012) . Nitrate reduction by denitrification is of great importance because it can lead to considerable nitrogen losses in agriculture and emissions of greenhouse gases (Cheneby et al., 2009 ). In general, activity of this process increases with soil temperature and moisture and is strongly dependent on soil physiochemical properties especially on soil organic carbon content (Szukics et al., 2010; Clark et al., 2012; Miller et al., 2012) . According to the findings of Cheneby et al. (2009) , nitrate reduction activity was stimulated by combined organic and mineral fertilization but not by organic fertilization alone. In our experiments, denitrifying bacteria reacted clearly neither to the different weather conditions nor to the farming treatments. As an average of 2007 (or 2008)-2013, there were no significant (P < 0.05) differences in the counts of denitrifying bacteria between treatments (Tables 4-5). One reason for that might be the great differences between three replications of samples. However, in some cases the influence of treatments was expressed significantly (P < 0.05) but the changes in the numbers of denitrifying bacteria were not in the same direction. For example, in the field No. 2 in May 2009 the count of denitrifiers in the soil of CONFYM treatment was by 3.8 times higher but in May 2010 by 2.1 times lower than that in the soil of ORGFYM treatment. In September 2010 and 2013, the denitrifying bacteria were counted in extraordinary low levels. The statistical analysis of our experiments showed that the sampling year had no significant impact on the number of denitrifying bacteria (Table 6) .
Nitrifying bacteria. The results of our research showed that the nitrifying bacteria responded greatly to the soil nutritional status. In general, their numbers in the soil of ORG treatment in which only green manure as fertilizer was used were lower than those in the treatments where manure (ORGFYM) or manure plus mineral fertilizer (CONFYM) in addition to green manure were applied. The number of nitrifiers in the soil of ORGFYM treatment was by 2.2 and 1.6 times (as the average of research period in the fields No. 2 and No. 4, respectively) higher than that in the ORG treatment. The numbers of nitrifying bacteria in ORGFYM and CONFYM treatments in which manure was applied, in general, were practically on the same level. The significant (P < 0.05) differences between these treatments became evident only in two cases. In May and September of 2009, in the conventionally treated soils under barley (Table 5 ) and oats (Table 4) the number of nitrifiers was by 1.8 and 1.9 times higher than in the organically treated (ORGFYM) soil. In April 2011, there were very low levels of nitrifying bacteria detected. This was supposedly caused by too early sampling date because the soil bacteria probably were not sufficiently active. Several studies have reported rapidly altered activities of soil nitrifying and denitrifying bacteria in response to changing environmental conditions. The results of Szukics et al. (2010) showed that even short-term changes in the precipitation regime and soil temperature may rapidly affect the activity of both nitrifiers and denitrifiers. In our research, all the analysed factors, i.e. treatment, year and their interaction had significant impacts on the abundance of nitrifying bacteria (Table 6) .
Azotobacteria. Aerobic bacteria belonging to the genus Azotobacter represent a diverse group of freeliving diazotrophic (able to use N 2 as the sole nitrogen source) microorganisms commonly occurring in soil. Soil populations of Azotobacter spp. rarely exceed several thousand cells per gram of neutral or alkaline soils, in acid (pH < 6.0) soils these bacteria are generally absent or occur in very low numbers (Martyniuk, Martyniuk, 2003) . In our research, the occurrence of azotobacteria in the soil of different treatments was at low level. In several replicates of soil samples there were no azotobacteria detected. Besides, the great differences in numbers of these bacteria between the three replicates of the samples were established. Significant (P < 0.05) differences between treatments became evident in several cases. In May 2010, in the field No. 4 where red clover was grown the number of azotobacteria in the soil of the ORG treatment was by 3.5 and 5.7 times greater than in the soils of the CONFYM and ORGFYM treatments, respectively (Table 4 ). The determination of azotobacteria in the soil samples taken from the treatments of the field No. 2 indicated that the numbers of CFU in the CONFYM treatment were practically in all cases significantly (P < 0.05) lower than those in the soils of the organic treatments (Table 4 ). In comparison with the ORG treatment, the soil of the CONFYM treatment contained by 2.1-6.1 times less azotobacteria depending on the year of research. Comparison of the ORGFYM and CONFYM treatments indicated that the numbers of azotobacteria in the conventionally treated soil were by 2.7-3.7 times lower. Such great decrease in the azotobacterial community in the CONFYM treatment was caused by the abundant application of pesticides, especially for control of late blight and pests in conventionally grown potato (2008) . As mentioned in the methods, in that year potato was sprayed four times with fungicides and once with insecticide. The pesticides used repeatedly for potato protection had a harmful aftereffect on sensitive soil microorganisms also in succeeding years. From this viewpoint other researchers (Miloševic, Govedarica, 2002; Orr et al., 2011 ) also have stated that Azotobacter is especially sensitive to chemical inputs, such as pesticides. The statistical analysis showed that the significant impacts of the treatment (P = 0.039) and the year (P = 0.027) on the azotobacteria revealed only in the conditions of the crop rotation field No. 2 (Table 6 ).
Conclusions
1. Solid cattle manure applied in the organic fivefield crop rotation at a rate of 60 t ha -1 significantly (P < 0.05) increased the number of total bacteria in the soil.
2. The number of total bacteria in the soil depended on the weather conditions and sampling dates. The rainy and warm period before soil sampling affected positively the bacterial communities. Comparison of the results of the microbiological tests in spring and autumn in the same year revealed that the number of total bacteria in autumn was higher than in spring.
3. The nitrifying bacteria responded to the soil nutritional status. Their abundance in the soil of the organic treatment in which only green manure as fertilizer had been used, was significantly (P < 0.05) lower than in the organic and conventional treatments where cattle manure or cattle manure plus mineral fertilizer and pesticides in addition to green manure had been applied. In general, there were no significant differences in the numbers of the soil total bacteria and nitrifying bacteria between the organic and conventional treatments in which both cattle manure was applied. The abundance of denitrifying bacteria did not depend on the farming treatments and weather conditions during the growth season.
4. The numbers of azotobacteria in the soil of different treatments were at low level. However, it became evident that the azotobacteria are very sensitive to pesticides. In the conventional treatment, the repeated spraying with fungicides and insecticide for potato protection decreased the number of azotobacteria as direct effect by 2.7 times and had the harmful aftereffect on these sensitive bacteria also in the succeeding years.
